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Abstract 

The basic requirement for the fermentation process is the bioreactor or fermenter. 
A fermenter or bioreactor may refer to an engineered device or system to support 
a biologically active environment. They have been the necessary and basic thing 
to enable the scientific assistance in the biotechnological research to produce the 
desirable products. In this chapter, the comprehensive design of fermenter has 
been elaborated from inside and outside with different fermenter type to differen- 
tiate the fermentation processes. 


Keywords: Fermentation, bioreactor, fermenter design 


5.1 Introduction 


Among oldest techniques, fermentation technology has been the popular 
technique used in the biotechnology field. In fermentation technology, 
fermentation process has been the heart of it [1] and used for prepara- 
tion of vine, bread, idli, cheese, sausages, and other food products tradi- 
tionally. In other words, fermentation is the biological process caused by 
microorganisms as a result of which heat and carbon dioxide is produced. 
Fermentation has been carried out in small or large size fermenters or 
bioreactors depending upon the quantity of product (Figure 5.1). 
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Figure 5.1 Fermentation process. 
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Figure 5.2 Fermenter [2]. 


Fermenters and bioreactors are two similar terms with different pur- 
poses. Fermenters are type of closed-vessel bioreactors with a controlled 
and sterile environment for the growth of the microorganisms in a liquid 
medium for the production of various compounds. 

Fermenters are a type of closed system to carry out biological processes 
under controlled environmental conditions. In another words, fermen- 
ters are considered as a vessel to carry out chemical practices involving 
microorganisms and/or substances produced from those microorganisms 
(Figure 5.2). Fermenters usually control the metabolic products from the 
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cells by transfer of oxygen and nutrients to cells and maintain a biome- 
chanical as well as biochemical environment [3-5]. Fermenters can also 
be used for the recombinant products (such as vaccines and hormones); 
biotransformation of the products (L-sorbitol, steroid biotransformation), 
and production of enzymes (lipase, amylase, and cellulase). The reactions 
inside these fermenters may be aerobic or anaerobic. These fermenters are 
made up of stainless steel and cylindrical in shape, ranging from liters to 
cubic meters in size. Varied bioreactor designs have been developed to 
cater a wide array of substrate products and biocatalysts [6]. 

Microorganisms developed in these fermenters can be submerged 
(suspended or immobilized) or attached to the surface of a solid medium 
according to their nature. A wide variety of microorganisms can be used in 
suspension fermenters since all microorganisms do not need special attach- 
ment surfaces and because of that these fermenters can be handled at much 
greater level than immobilized fermenters. Immobilization is known as a 
process to entrap or attachment of wide variety of cell or particle with some 
immobilizable matter. In contrast, the microorganism will be removed 
from the fermenter in a continuously operated process with the effluent [7]. 

Bioreactors differ from conventional chemical reactors to the extent 
that they support and control biological entities. The bioreactor condi- 
tions should be favorable for the living microorganisms to exhibit their 
activity under defined conditions [8]. The term bioreactor is often used 
synonymously with fermenter, which is a type of bioreactor using a liv- 
ing cell as the biocatalyst. The sizes of the bioreactor can vary from the 
microbial cell (few mm*) to pilot level fermenters (0.3-10 m°), plant scale 
fermenters (2-500 m*), shaking flask (100-1000 ml), and fermenters of 
laboratory scale (1-50 1) for applications in production of large volume 
industrial products [9].The conditions of bioreactors including flow rates, 
gases level (air, oxygen, nitrogen, and carbon dioxide), pH, temperature, 
foam production, agitation speed or circulation rate etc. needs to be closely 
monitored [10]. 


5.2 Bioreactor and Fermenter 


The fermentation process has been known for thousands of years but its 
first scientific study was conducted by a French scientist Louis Pasteur 
in 1850s through lactic acid formation. The development of fermenters 
and bioreactors has been led by the advances in fermentation techniques. 
Although they are similar in terms of working principle. they also have 
differences. 
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Table 5.1 Differences between fermenter and bioreactor [11]. 


Differences Fermenter Bioreactor 


Size Small, upto 2 liters Large, range from few liters 
to cubic meters 


Nature Fermenters are not sensi- Bioreactors are sensitive 
tive in nature as bacterial in nature as mamma- 
cells are robust and have lian cells are fragile and 
strong cell walls have shear sensitive cell 

membrane 


Production rate | Fast as microbes are fast Slow as mammalian cells 
growing. double in 24 hours 
Oxygen demand 


Contamination | No viral threat in microbial | Threat is present, need 
cells, so no need of inac- inactivation or removal 
tivation or removal 


Sterilization Full sterilization Empty sterilization 


The fermentation process has been mostly used for brewing and pro- 
duction of alcoholic beverages earlier but with our increasing knowledge 
about fungi and bacteria, more productive fermenters have been devel- 
oped. In terms of design and construction, bioreactors are one step ahead. 
Fermenters have been used for the growth of bacterial and fungal cells with 
maintenance in controlled manner while bioreactors have been used for 
the growth of mammalian and insect cells and their maintenance. It has 
been clear, that fermenters and bioreactors are naturally different [11]. 
Table 5.1 shows some differences between the two. 


5.3. Types of Fermenter and Bioreactor 


There are basically three different kind of fermenters available. 


5.3.1 Laboratory Scale Fermenters 


It has been the smallest type of fermenter and it has limited capacity, that 
is, 1 to 15 1. Mainly these types of fermenters are used for the research 
and development purposes. Laboratory scale fermenters are used for 
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Figure 5.3 Laboratory scale fermenter [12]. 


determination of optimum condition of growth and biosynthesis of 
microorganism (Figure 5.3). 


5.3.2 Pilot Scale Fermenters 


These fermenters are of intermediate size and used for large scale studies 
in fermentation process. They have minimum capacity of 94 liters and 
maximum capacity of 7570 liters (Figure 5.4). 


5.3.3 Industrial Scale Fermenter 


These fermenters are used for large scale production in industries for fer- 
mentation of important products.Their capacity ranges from 37854.12- 
378541.18 | (Figure 5.5). 


5.4 Design and Operation 


A good bioreactor design should address improved productivity, valida- 
tion of desired parameters towards obtaining consistent and higher quality 
products in a cost effective manner [15]. Designing of bioreactors have been 
comparatively complex engineering task and have studies in biochemical 
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Figure 5.4 Pilot scale fermenter [13]. 


engineering. In bioreactors, microorganisms have performed their func- 
tion under optimum conditions with insignificant impurities. However, 
the growth and production of microorganisms have been typically affected 
by the environmental conditions including nutrient concentrations, tem- 
perature, concentration of dissolved gases (especially oxygen for aerobic 
fermentations), and pH inside the bioreactor. Cooling jackets, coils or both 
are used to maintain the temperature for fermentation medium and exter- 
nal heat exchangers may also be used in case of exothermic fermentations. 
The bioreactor design and operation mode depends on the optimal con- 
ditions required for chosen product, microorganism production, product 
quality, and its production scale. An effective bioreactor must influence 
and control the biological reaction and prevent the contamination [15]. 
In a fed-batch fermenter, nutrients have been continuously added or 
may be charged at the beginning of fermentation. Depending on fermen- 
tation, pH of the medium has been adjusted and maintained with small 
amounts of acid or base. Reactant gases especially oxygen must be added in 
the aerobic fermenters, hence oxygen is comparatively insoluble in water, 
air or purified oxygen must be added continuously. The rising bubbles in 
the fermenter helps in mixing of fermentation medium and strip out waste 
gases as carbon dioxide. In aerobic fermentation, the rate limiting step is 
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Figure 5.5 Industrial scale fermenter [14]. 


the transfer of optimal oxygen level. Sometimes, agitation helps in oxygen 
transfer to mix the nutrients and keep the fermentation homogeneous. The 
bioreactor attributes such as sterilization, process control devices, simple 
construction and measuring, scale-up, regulating techniques, flexibility 
and compatibility with upstream and downstream processes, antifoaming 
measures, etc. are essential factors to fulfill the design requirements [3]. 
The design of a fermentor should be in such a way that it should provide 
proper sterilized conditions that can be built within it, proper aeration and 
agitation, proper harvesting of the products and proper drainage. There are 
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Figure 5.6 Fermentor with its parts [17]. 


other factors that should be kept in mind before designing a fermentor as 
described below and demonstrated in Figure 5.6. 


5.4.1 Fermenter Vessel 


The vessel is design in such a way that it utilizes least labor action and main- 
tenance and the work can be carried out aseptically under controlled condi- 
tions. Internal surface of the fermentor is smooth and is made up of cheap 
materials with best results. There are two types of fermentor vessels used, for 
small scale glass is preferred and for industrial purpose stainless steel is used. 

Glass is nontoxic and corrosion proof. It is easy to examine the interior 
reaction in the vessel. Sterilization is done with the process of autoclave. 
These are very small fermentor with the diameter of around 60 cm. 

Stainless steel is mostly used for large scale fermentations. These vessels 
have the potential to resist pressure and corrosion. The sterilization is 
achieved in-situ [16]. 


5.4.2 Heating and Cooling Apparatus 


Heat in the fermentor vessel is produced due to microbial activity and agi- 
tation. Temperature in vessel is maintained by either adding or removing 
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heat from the system. Thermostatically controlled bath or internal coils are 
generally used to provide heat while silicone jackets are used to remove 
excess heat. It has double silicone mat with heating wires sandwiched 
between the mats. If the size is exceeded, resulting in covering the surface 
by the jacket, heat removal is tedious then in the internal coils, cold water 
has to be circulated to maintain the exact temperature [16]. 


5.4.3 Sealing Assembly 


Sealing assembly is used for the sealing of stirrer shaft to offer proper agi- 
tation and it can function for a longer period aseptically. There are three 
types of sealing assembly in the fermenter. 

Packed gland seal: In this, shaft has been sealed with several pack- 
ing rings of asbestos, pushed by gland against the shaft. To prevent insuf- 
ficient heat penetration, packing rings have been regularly checked and 
replaced. 

Mechanical seal: This type of seal consists of two portions, stationary 
portion in the bearing and rotating portion on the shaft. Two parts are 
pushed together with the help of springs. During operation, stem conden- 
sate are used to lubricate and cool the seals. 

Magnetic drives: These drives involve two types of magnets, that is, driv- 
ing and driven magnet. The driving magnet will be seized on the external 
part of head plate in bearing and associated to the drive shaft. Another, the 
driven magnet will be located at the end of the impeller shaft and seized in 
bearings on the head plate’s inner surface [16]. 


5.4.4 Baffles 


Baffles prevent vortex to expand aeration capacity and consist of metal 
strips attached radially to the wall. Baffles have minimized the microbial 
growth on the sides of the fermenter [16]. 


5.4.5 Impeller 


Impellers are used to offer uniform microbial cells suspension in homo- 
geneous nutrient medium by agitation. Impellers mix the bulk fluid, solid 
particles, and gas phases in the suspension culture. Variable impellers are 
used in the fermenters and are classified as follows. 

Disc turbines: They contain disc with a series of rectangular vanes. They 
provide air from the sparger to hit underside of the disc and displace the air 
towards the vanes to break large air bubbles into smaller ones. 
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Variable pitch open turbine: They also consist of vanned disc attached 
with the marine propeller blades on the agitator shaft. Air bubbles in this 
turbine do not hit any surface before dispersion [16]. 


5.4.6 Sparger 


Sparger provides proper aeration in the vessel so that sufficient oxygen 
is supplied to the microorganisms for metabolic process. Three types of 
sparger are used. 

Porous sparger: These are made up of ceramic or sintered glass and used 
in non-agitated vessel on the laboratory scale. 

Nozzle sparger: It has open or partially open single pipe. This type of 
sparger is generally used because they do not get blocked and provide 
lower pressure. 

Combined sparger-agitator: They introduce air by hollow agitator shaft 
and release it from the holes of the drilled disc to connect to the base of the 
main shaft. When the agitator is operated at a range of rpm, they deliver 
good aeration in a baffled vessel [16]. 


5.4.7. Feed Ports 


Feed ports are tubes made up of silicone. They are used to add nutrients 
and acid/alkali in the fermenter. In-situ sterilization is performed before 
removal or addition of the products [16]. 


5.4.8 Foam Control 


This is one of the important parts of the fermenter as the level of foam in 
the vessel has to be reduced to avoid contamination. Foam is controlled 
by two units, foam sensing and control unit. In the fermenter, a probe has 
been inserted through the top and set at a distinct level above the broth 
surface. When the foam level rises and touches the probe tip, a current 
will be passed through the circuit. This current will activat the pump and 
antifoam will immediately be released to combat the situation [16]. 


5.4.9 Valves 


Valves are used in the fermentor to control the movement of liquid in the 
vessel. There are around five types of valves are used, that is, globe valve, 
butterfly valve, ball valve, and diaphragm valve. Globe valves are suitable 
for general purposes but they do not regulate flow. Butterfly valves are not 
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suitable for aseptic conditions and are used for large diameter pipes which 
operate under low pressure. Ball valves are suitable for aseptic condition. 
They handle mycelial broths and are operated under high temperature. 
Diaphragm valves help in flow adjustments [16]. 


5.4.10 Safety Valves 


Safety valve is built-in in air and pipe layout to operate under pressure. With 
the help of these valves the pressure is maintained within safe limits [16]. 


5.5 Classification of Bioreactor 


In fermenters and bioreactors, various biochemical processes take place to 
produce different biological products with the help of microbes such as bac- 
teria, fungus, mammalian cell, and plant cells systems in the form of initial 
product. They provide promising environment for the metabolite production. 

Mainly fermenter and bioreactor are divided into four main groups 
on the basis of oxygen and stirring requirement, operation mechanism, 
microbial growth, and process requirement as shown in Figure 5.7. The 
nonstirred non aerated bioreactors are used to manufacture traditional 
products such as wine, cheese, and beer. While stirred aerated reactors are 
based on modern technology. 


5.6 Types of Fermenter/Bioreactor 


The fermentor types used are the continuous stirred tank, airlift, fluid- 
ized bed, packed bed, photobioreactor, membrane fermenter, and bubble 
column fermenter. 


5.6.1 Stirred Tank Fermentor 


In this fermenter, difference in concentration of the components of the 
medium and microorganisms of the fermentor is not with respect to time. 
A fixed state can be achieved either by chemostatic or turbidostatic prin- 
ciples. An appropriate and constant value can be accomplished by modify- 
ing flow rate of the fermentor so that the microorganisms, substrates, and 
product(s) amount remains at their optimum levels. One which uses yeasts 
and bacteria’s, is the most successful continuous system which helps to 
obtain desired products. The most widely used continuous process is based 
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Figure 5.7 Classification of fermenter and bioreactor. 


on Continuous Stirred Tank Fermentor (CSTF) is the activated sludge pro- 
cess used in waste water treatment industry (Figure 5.8). 

Stirred tank bioreactor has various benefits as continuous operation can 
be performed in the fermentor, temperature control can be easily done, 
construction cost is cheap, easily operated so labor cost is reduced, and 
cleaning can be easily done [1]. 


5.6.2 Airlift Fermentor 


Airlift reactor is generally for gas-liquid or gas-liquid-solid contacting 
devices. They have different fluid circulation, which is a definite cyclic 
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Figure 5.9 Airlift Fermentor [18]. 


pattern via built channels. Stream of air or other gases provides agitation 
to the content in side channels. The gas stream help swap over of material 
between the gas phase and the medium, oxygen is usually transferred to 
the liquid. Products formed after reactions are excreted when the gas phase 
is inserted (Figure 5.9). 

Airlift reactors consists of two main types of reactors, that is, exter- 
nal-loop vessels that provides circulation through separate and distinct 
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channels and internal-loop vessels, in which baffles are placed in a single 
vessel which provides circulation. 

Variations in the fluid dynamics can be achieved by modifying the pat- 
tern of both types of vessels. External- and internal-loop vessel include four 
distinct parts with diverse flow characteristics such as riser, downcomer, base, 
and gas separator. Base of riser allows gas to be injected and gas and liquid 
flow in upward direction. Downcomer is attached to the riser from top and 
bottom. Direction of flow of gas and liquid is downwards in this. Recirculation 
of the gas and liquid between the downcomer and the riser is due to the mean 
density between them which creates the pressure gradient required for recir- 
culation. Base effects only gas holdup, liquid velocity, and solid phase flow. 
Basic design of base of riser and downcomer is very simple. While gas separa- 
tor located on top of the reactor which connects the riser to the downcomer, 
enabling proper liquid recirculation and gas disengagement [19]. 

Airlift fermenter has different benefits as it is very easy to design as it 
doesn't have any moving part or agitator, sterilization can be easily done as 
it do not have agitator, energy requirement is very less, and it is very low 
cost [1]. 


5.6.3 Bubble Column Fermentor 


Bubble column reactors are used in many chemical, petrochemical, and 
biochemical industries. These reactors are simple in construction, easy 
maintenance, and low operating cost [20]. 

They are cylindrical in shape with ratio of 4:6 (height:diameter ratio) 
and at base of the column air or gas is introduced via perforated pipes or 
plates, or metal micro porous sparger (Figure 5.10). Flow rate of air or gas is 
maintained accuratelyso that the proper O, transfer or mixing is achieved. 
Perforated plates are attached in the fermentor to improve performance of 
the reactor [21]. 


5.6.4 Packed Bed Reactors 


Packed bed reactor is also called as fixed bed reactor which are used in 
many chemical processing applications like absorption, distillation, strip- 
ping, separation processes, and catalytic reactions. It consists of partition 
like tube or channel which has catalyst particles or pellets on to which 
liquid flows through the catalyst (Figure 5.11). Chemical composition of 
the substance gets altered when the liquid reacts with the catalyst [22]. 
This reactor has many advantages as its conversion rate is high for the 
catalyst, easy to manage and build, more efficient contact between reactant 
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Figure 5.10 A bubble column fermentor [18]. 
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and catalyst is made compared to other types of reactors, product forma- 
tion is more due to increased contact of reactant/catalyst, low construc- 
tion, operation, and maintenance cost, and it work effectively even on high 
temperatures and pressures [23]. 
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5.6.5 Fluidized Bed Bioreactor 


They are very large reactor ranging in size from 10-300 microns. Design 
of this reactor must be proper so that the fluid flow rate is sufficient to sus- 
pend the catalyst particles (Figure 5.12). 

Catalyst is laid on the bottom of the reactor and the reactants are pumped 
into reactor via distributor pump to make the bed fluidized. If the reactant 
is liquid then bed expands uniformly and make homogeneous fluidiza- 
tion and if its gas, the bed expands non-uniformly to make aggregative 
fluidization. During this whole process the reaction between the reactant 
and catalysts leds to the formation of new products which are retrieved 
continuously during the course of time. 

The main advantages of this reactor is as its distribution of the tempera- 
ture is even, regeneration and replacement of the catalyst can be easily done, 
the operations can be performed continuously and automatically, and con- 
tact between gas and solid is made suitable than other catalytic reactors [25]. 


5.6.6 Photobioreactor 


Although some models of photobioreactors are planned, only few of them 
can utilize biomass from algae. The main applications of photobioreac- 
tors are in photosynthetic processes, involving vegetable biomass growth 
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Figure 5.12 Fluidized reactor [24]. 
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or microalgae growth under restricted conditions. The photobioreactors 
array from laboratory to industrial scale models and more over they are 
classified into closed photobioreactor, open ponds, flat-plate, horizon- 
tal/serpentine tubular airlift, and inclined tubular photobioreactors [26]. 
The introduction of more complicated cultivating methods of microalgae 
with higher production value and capable of providing sterile conditions, 
which is accessible by different types of closed photobioreactors, applied 
outdoors. In general, laboratory-scale photobioreactors are artificially illu- 
minated using fluorescent or other light lamp distributors. Some of these 
reactors include open ponds, flat-plate, tubular, bubble column, airlift 
column, helical tubular, conical, torus, stirred-tank, seaweed type photo- 
bioreactors. According to Ugwu et al. [26], the only disadvantage which 
limits their practical application in algal mass cultures is mass transfer 
that is required for proper processing of mass algal cultures. The algal bio- 
mass is mainly used in water treatment, in aquaculture, production of fine 
chemicals and useful supplements in humans and animals, for biosorption 
of heavy metals and CO, fixation. 


5.6.7. Membrane Bioreactor 


Membrane bioreactors (MBR) are been used since 90s. It basically com- 
bines traditional treatment system with filtration via membranes resulting 
in removal of organic and suspended solid matters that also removes high 
level of nutrients as shown in Figure 5.13. 

Membranes in the MBR system are submerged in an aerated biologi- 
cal reactor. The pore size of the membrane ranges from 0.035 microns to 
0.4 microns [28]. After mid-90s, with the development of submerged MBR 
system the use has widely extended [29] and is rapidly growing both in 
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Figure 5.13 Membrane bioreactor method diagram [27]. 
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research and commercial applications. Several variations of MBR systems 
have evolved and presently, an MBR system is widely used in treatment of 
waste water from several sources. Therfore in coming years, MBR systems 
will increase its capacity size and will broaden its application area [29-31]. 
However, membrane fouling is a chief obstacle to the extensive application 
of MBRs. Moreover large-scale use of MBRs in waste water treatment will 
involve a notable worthy decrease in price of the membranes [29]. 


5.7. Conclusion 


Bioreactors have been used for decades to produce a range of therapeutic 
biomolecules and other high-value products. They provide the opportunity 
to monitor and control environmental conditions continuously through- 
out the culture/reaction period along with the added benefits of maintain- 
ing a closed system. They are critical and integral part of the development 
of many new processes. 
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